Abstract With the twentieth century analysis data for atmospheric circulation, precipitation, Palmer drought severity index, and sea surface temperature (SST), we show that the Asian-Pacific Oscillation (APO) during boreal summer is a major mode of the earth climate variation linking to global atmospheric circulation and hydroclimate anomalies, especially the Northern Hemisphere (NH) summer land monsoon. Associated with a positive APO phase are the warm troposphere over the Eurasian land and the relatively cool troposphere over the North Pacific, the North Atlantic, and the Indian Ocean. Such an amplified land-ocean thermal contrast between the Eurasian land and its adjacent oceans signifies a stronger than normal NH summer monsoon, with the strengthened southerly or southwesterly monsoon prevailing over tropical Africa, South Asia, and East Asia. A positive APO implies an enhanced summer monsoon rainfall over all major NH land monsoon regions: West Africa, South Asia, East Asia, and Mexico. Thus, APO is a sensible measure of the NH land monsoon rainfall intensity. Meanwhile, reduced precipitation appears over the arid and semiarid regions of northern Africa, the Middle East, and West Asia, manifesting the monsoon-desert coupling. On the other hand, surrounded by the cool troposphere over the North Pacific and North Atlantic, the extratropical North America has weakened low-level continental low and upper-level ridge, hence a deficient summer rainfall. Corresponding to a high APO index, the African and South Asian monsoon regions are wet and cool, the East Asian monsoon region is wet and hot, and the extratropical North America is dry and hot. Wet and dry climates correspond to wet and dry soil conditions, respectively. The APO is also associated with significant variations of SST in the entire Pacific and the extratropical North Atlantic during boreal summer, which resembles the Interdecadal Pacific Oscillation in SST. Of note is that the Pacific SST anomalies are not present throughout the year, rather, mainly occur in late spring, peak at late summer, and are nearly absent during boreal winter. The season-dependent APO-SST relationship and the origin of the APO remain elusive.
Introduction
In the past five decades, the global land monsoon precipitation showed an overall weakening (Wang and Ding 2006) , which is mainly associated with the decreases of the North African and South Asian precipitation (Zhou et al. 2008a) . Since 1980, however, the global land monsoon precipitation did not show a significant trend. These results suggest that the variation over the last 50 years may be a part of longer time scale variations. This motivates our present study, which will examine a century-long change in global land rainfall and the twentieth century reanalysis
Data
This study utilizes the monthly mean data from the twentieth century reanalysis V2 products with a horizontal resolution of 2°9 2°latitude and longitude for 1871 -2008 (Compo et al. 2006 , the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP/NCAR) reanalysis with a horizontal resolution of 2.5°9 2.5°during 1948 (Kalnay et al. 1996 , and the European Centre for Medium-range Weather Forecast 40-year reanalysis dataset with a horizontal resolution of 2.5°9 2.5°during 1958 (Uppala et al. 2005) . Moreover, we also use the monthly mean surface air temperature and total precipitation over global land from the Climatic Research Unit (CRU) analysis with a horizontal resolution of 0.58 9 0.58 during 1901 (New et al. 2000 , the monthly Palmer drought severity index (PDSI) with a horizontal resolution of 2.58 9 2.58 during 1870 (Dai et al. 2004 , and the monthly mean SST from the Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) with a horizontal resolution of 18 9 18 during 1870-2002 (Rayner et al. 2003 ).
An Empirical Orthogonal Function (EOF) analysis with area weighting is conducted to detect a teleconnection pattern. Correlation and regression analyses are applied to examine the relationships between different variables. The statistical significance of correlation coefficients, regression analyses, and non-zero trends is assessed at the 95 % confidence level (Student t test) unless otherwise stated. Following Zhao et al. (2011a, b) , in the present study, a mean of May, June, July, August, and September (MJJAS) is used to represent boreal summer.
Definition and variability of the APO index
The planetary scale climate departures are better identified at the upper troposphere than at the lower troposphere. The zonally asymmetric thermal structure can be depicted by the zonal departure of temperature (T 0 ), which is obtained by removing the background zonal mean (symmetric) temperature ( " T) from the total temperature field (T).
The APO index may be defined by the leading principal component of the NH upper troposphere (300-200-hPa) zonal departure of the temperature field (Zhao et al. 2010a (Zhao et al. , 2011a . Using the monthly data of the twentieth century reanalysis V2 products during 1871-2008, the first EOF mode (EOF1) of the MJJAS NH 300-200-hPa temperature departure (T 0 ) is computed. Figure 1a shows that the EOF1 exhibits an out-of-phase variation (a zonal wavenumber-1 feature) over the extratropical NH, with positive values mainly over Eurasia and northern subtropical Africa and negative values mainly over the extratropics of the North Pacific, North America, and the North Atlantic. When the principal component of the EOF1 is higher (lower), the tropospheric temperature is warming over the Eurasiannorthern African land and cooling over the North Pacific, North America, and the North Atlantic (figure not shown).
The principal component of the EOF1, which indicates the variability of the APO pattern, is defined as the APO index. Figure 2 shows the standardized summer APO index. For the entire study period of 1901-2002, the summer APO index did not show a significant trend. Positive anomalies of the APO index mainly occurred from 1920 to 1946 and from 1959 to 1975, while negative anomalies mainly appeared in other periods. This multidecadal variation indicates a general increase before 1946 and an overall decrease after 1960, that is, a warming (cooling) troposphere occurs over Eurasia (the North Pacific, North America, and the North Atlantic) during the 1900 s to the 1940 s and an opposite varying trend occurs during the subsequent decades. This result also suggests that the tropospheric cooling over East Asia noted by Yu et al. (2004) usually accompanies the tropospheric warming over the oceans during the past five decades. Moreover, the APO index also shows interannual variability. A power spectrum analysis of the summer APO index during 1901-2002 demonstrates predominant peaks at 3-4 years and 50 years (significant at the 95 % level). This shorter oscillation period is also observed in the APO index from the 1958-2001 ERA-40 reanalysis (Zhao et al. 2007 ).
On the climatological map of MJJAS upper-tropospheric (300-200 hPa) mean temperature departure (T 0 ) (figure not shown), a salient feature is the contrast between the warm eastern Hemisphere and the cold western Hemisphere in the subtropics and midlatitudes, which indicates a striking east-west temperature contrast between Eurasia and the North Pacific to the North Atlantic. Comparing Fig. 1a with the climatological mean of T 0 , it is seen that corresponding to a higher (lower) principal component of the EOF1, an extra positive (negative) tropospheric T 0 anomaly over Eurasia and an extra negative (positive) tropospheric T 0 anomaly over the North Pacific to the North Atlantic are added to the climatological mean of T 0 , enhancing (weakening) the east-west contrast between the warm center over Eurasia and the cold centers over the oceans. We calculate the correlation of the principal component of the EOF1 with the 300-200-hPa T contrast between Asia and the North Pacific, in which Asia and North Pacific are defined as the regions 60°E-120°E/15°N-50°N and 180°W-120°W/15°N-50°N, respectively. The result shows a significant (at the 99.9 % confidence level) positive correlation of 0.91 for the period 1901-2002. Thus, the variability of APO reflects an enhanced or weakened feature of the climatological mean tropospheric temperature, i.e., the east-west contrast between the Eurasian land and the North Pacific and the North Atlantic.
Moreover, on the regressed tropospheric T 0 map against the principal component of the EOF1 (figure not shown), corresponding to a warm (cool) troposphere over Eurasia, the troposphere over the tropical Indian Ocean is relatively cool (warm). The land-sea meridional thermal contrast between the Asian continent and the Indian Ocean may be indicated by the difference of 500-200-hPa thickness between the Tibetan region (20°N-40°N, 60°E-100°E) and the tropical Indian Ocean (10°S-10°N, 60°E-100°E) (Sun et al. 2010) . Their South Asian thermal contrast index, called the Sun index in this study, is calculated using the twentieth century reanalysis. Correlation analysis shows The results show that the APO pattern is also detected in these reanalysis datasets (Fig. 1b, c) . Compared to the ERA-40 reanalysis and the twentieth century reanalysis (Fig. 1a, b) , however, positive central values in the NCEP reanalysis over East Asia are much larger than negative central values over the North Pacific and Atlantic in magnitude (Fig. 1c) . Combined with the principal component of the EOF1 in the NCEP reanalysis (Fig. 2 ), this enhanced center over East Asia indicates a pronouncedly decreasing trend of tropospheric temperature during the past decades (Yu et al. 2004) and is possibly overestimated in the NCEP reanalysis because of an operational change in the bias correction tables since 1992 (Liu et al. 2012b) .
The summer APO indices derived from the ERA-40 and NCEP reanalysis datasets are shown in Fig. 2 . Obviously, the APO index derived from the twentieth century reanalysis agrees very well with those derived from the ERA-40 (NCEP) reanalysis during 1958-2001 (1948-2002) with a correlation coefficient of 0.84 (0.58), both significant at the 99.9 % confidence level. After removing their linear trends during 1958-2001 (1948-2002) , the correlation coefficient is 0.85 (0.72). This result shows the good consistency between the twentieth century reanalysis and the ERA-40 or NCEP reanalysis, suggesting the reliability of the APO index obtained from the twentieth century reanalysis. In the following analysis, we use the APO index for the period 1901-2002 to analyze its relationships with atmospheric circulation, NHSM, hydroclimate, and SST over the past century.
Dynamic structure of the APO
The large-scale atmospheric circulation anomalies associated with the APO (Fig. 3) indicate that the Asian-African monsoon circulation shows a prominent anomalous condition. For example, the anomalous cyclonic system at 850 hPa occurs over the Asian-African monsoon region, with the anomalous centers in northern Africa, South Asia, and East Asia, indicating the strengthened continental low (monsoon trough) over these regions (Fig. 3a) . The strengthened cross-equatorial southerly or southwesterly winds from the South Indian Ocean flow into the AfricanSouth Asian monsoon region and then into the East Asian monsoon region. The strengthened southwesterly winds not only increase the transportation of water vapor toward these monsoon regions but also strengthen moisture convergence in the monsoon troughs. In the upper troposphere ( Fig. 3b) , an anomalous anticyclone covers the mid-low latitudes of the Asian-African monsoon region, indicating the strengthened South Asian high that is centered near the Tibetan Plateau, and there are easterly or northeasterly wind anomalies to the south of the anomalous anticyclonic center, which enhances the southward cross-equatorial flow and upper-level divergence over the Asian-African monsoon region.
At the same time, low-level anomalous anticyclonic system over the North Atlantic stretches westwards into the extratropical North America, indicating a weakened low pressure system over extratropical North America; and upper-level anomalous cyclonic system over the North Pacific extends eastwards into the western part of extratropical North America, indicating a weakened Mexican (Fig. 3) . Thus over extratropical North America, a positive APO corresponds to weakened low-level cyclonic system and upper-level anticyclonic system, and weakened low-level convergence and upper-level divergence. Meanwhile, smaller-scale strengthened low-level convergence and upper-level divergence occur over the Mexican tropical monsoon region.
Over the winter Southern Hemisphere (SH) (Fig. 3 ), corresponding to a positive APO, low-level anomalous anticyclonic systems occur over the subtropics, indicating the strengthened subtropical high. In the upper troposphere, an anomalous anticyclonic system appears over the tropical South Indian Ocean and Australia and anomalous cyclonic circulation appears over the subtropical South Pacific.
5 Northern Hemisphere summer monsoons associated with the APO As shown in Fig. 3 , a positive APO phase indicates an enhanced Asian monsoon circulation system, which is characterized by the strengthened upper-level South Asian
High and associated easterly jet, southward cross-equatorial flow and divergence, and by the enhanced low-level monsoon trough and associated southwest monsoon, northward cross-equatorial flow and monsoon trough convergence. As a consequence, the precipitation over the South Asian and East Asian monsoon regions are generally abundant except that small-scale less precipitation occurs over eastern China near 30°N (Fig. 4a) . The APO-precipitation relationship over the East Asian monsoon region is basically consistent with that obtained from the 1958-2001 ERA-40 reanalysis and the gauge precipitation at meteorological stations of China (Zhao et al. 2007 ). This consistency implies a stable link between the boreal summer APO and East Asian monsoon precipitation over the twentieth century and supports the reliability of the twentieth century reanalysis.
Of particular note is that the positive APO-related precipitation increase is not only found in the Asian monsoon region, but also over the West African and Mexican tropical monsoon regions (Fig. 4a) , which is consistent with the strengthened low-level convergence and upper-level divergence found over West Africa and the Mexican monsoon region shown in Fig. 3 . The enhanced West African monsoon rainfall is also closely associated with the strengthened upper-level easterly jet to the southwest of the South Asian High as a result of Rossby wave response. This enhanced easterly jet increases the vertical easterly shear over the Sahel region, and thus the dynamic instability-a critical process destabilizing African easterly wave that is the rain-bearing system of the West African monsoon. The enhanced rainfall over the Mexican monsoon region is pretty local, reflecting an in situ strengthening upward motion in contrast to the strong subsidence over the great plains of North America.
The above results show that a positive APO implies a synchronous enhancement in the West African, South Asian, East Asian, and Mexican monsoons. This steady relationship suggests that APO is a sensible measure of the NH land monsoon rainfall intensity.
To directly measure the NHSM land precipitation, we compute an NHSM index using the CRU precipitation data for the period 1901-2002 following the procedure of Ding (2006, 2008) . The NHSM index is defined as the MJJAS precipitation rate averaged over the entire NHSM domain (shown in Fig. 4a ) and the time series is shown in Fig. 4b . Figure 4c shows the regressed MJJAS precipitation with reference to the NHSM index during 1901-2002. It is seen that significant positive anomalies mainly appear over the West African, South Asian, East Asian, and Mexican monsoon regions and over the northern South America. This anomaly pattern is very similar to that associated with the positive APO (shown in Fig. 4a (Figs. 2, 4b) indicates that both time series showed an increasing trend from 1901 to 1940 and a decreasing trend from 1960 to 2002. The similar varying feature in the NHSM index is also revealed by Zhang and Zhou (2011) . However, the large discrepancy between the APO and NHSM indices is seen during 1940-1960. We examine the correlation coefficient between these two indices on the interdecadal time scale, in which the interdecadal components of these indices come from the 9-years running means. The result shows that the correlation coefficient between the interdecadal components is 0.38 (exceeding the 90 % confidence level) during 1901-2002. It is evident that the discrepancy between APO and NHSM during such a shorter period of 1940-1960 does not change the significant positive correlation on the interdecadal time scale in the entire study period. Further investigation of that period may be necessary for understanding the nonstationarity of the APO-NHSM relationship.
6 Global hydroclimate anomalies associated with the APO 6.1 Surface air temperature Figure 5 shows the regressed CRU surface air temperature over the global land with reference to the APO index during 1901-2002. There are generally positive anomalies of surface air temperature over the high latitudes of Europe, the Far East of Russia, the central-eastern and northeastern parts of China, Japan, the Korean Peninsula, and North America between 30°N and 60°N, with their central values exceeding 0.3°C. Negative anomalies of surface air temperature mainly appear over Africa, South Asia, Australia, the tropics of North America, and South America. This result indicates a close relationship between APO and surface air temperature over the global land.
Precipitation
In addition to the positive precipitation anomalies occurring in the NHSM regions, negative precipitation anomalies appear over the arid and semiarid regions of northern Africa, the Middle East, and West Asia (Fig. 4a ). This manifests the monsoon-desert coupling. The intensified monsoon rainfall can reduce precipitation over the adjacent arid regions located to the west and poleward of the monsoon region. The latter results from the increased descent in the dry region through the interaction between Rossby wave and mean westerly flow (Hoskins and Rodwell 1995) and the enhanced transverse monsoon circulations driven by differential radiative heating (Webster et al. 1998) . Over extratropical North America, associated with a high APO index is the local weakened upward motion (figure not shown) because of both the weakened lower-level convergence and high-level divergence. Accordingly, large-scale significant negative precipitation anomalies cover most of North America between 30°N and 60°N, with the negative central value below 30 mm (Fig. 4a ).
Palmer drought severity index
The occurrence of a regional drought may synthetically be affected by local temperature and precipitation. Figure 6 shows the regressed summer PDSI against the APO index during 1901-2002. Significant positive anomalies of the PDSI mainly appear over Africa, the Asian monsoon region, the Far East of Russia, the high latitudes of North America, and South America, indicating a wetter soil condition. Large-scale significant negative anomalies of the PDSI mainly occur over the mid latitudes of North America and some scattered negative anomalies appear over Europe and West Asia, corresponding to a drier soil condition. Dai et al. (2004) gave the EOF2 pattern of the global PDSI in their Fig. 6 . Their pattern exhibits positive anomalies over Africa, the Asian monsoon region, Australia, the Far East of Russia, the high latitudes of North America, and the tropics of South America and negative anomalies over Europe, West Asia, and the midlatitudes of North America. Generally speaking, their EOF2 pattern is consistent with the anomalous pattern associated with the APO, which suggests that global teleconnection in the PDSI is possibly related to the APO anomaly. Combining soil moisture (in Fig. 6 ) with surface air temperature (in Fig. 5 ) and precipitation (in Fig. 4a) , we may obtain a general climate feature for different regions. For example, over the African and South Asian monsoon regions, the higher-than-normal precipitation and lowerthan-normal temperature indicate a wet-cold climate and may contribute to an increase of the local soil moisture. Over the East Asian monsoon region, more precipitation is often accompanied by higher temperature, which indicates a wet-hot climate, and precipitation may be a major factor for an increase of the local soil moisture. Such a wet-hot climate may be associated with the strengthened transport of warm and wet air masses by the southwesterly wind anomalies coming from the tropical oceans (shown in Fig. 3a) into the East Asian monsoon region. On the interdecadal time scale, however, a wet-cool or dry-hot climate is also possible (Yu and Zhou 2007) . Over the extratropics of North America, both less precipitation and higher temperature indicate a dry-hot climate and contribute to the local decreased soil moisture.
APO and lower boundary forcing over oceans
The previous study has noted the link of the APO with ENSO and PDO (Zhao et al. 2010a (Zhao et al. , 2011b . Here, we further examine the relationship between the APO and global SST. Figure 7a corresponds to the local lower-tropospheric anomalous anticyclonic circulations; and the negative SST anomalies of the tropical central-eastern Pacific corresponds to the local lower-tropospheric anomalous easterly winds, which indicates an ocean-atmosphere coupled relationship similar to the typical feature of La Niña.
In order to compare the anomalous SST pattern (Fig. 7a ) with the variability of SST itself, we perform an EOF analysis on the MJJAS SST over the globe. The result shows that the EOF1 of SST, which accounts for 26 % of the total variance, shows a consistent variation over the almost globe and its time series exhibited an increasing trend during 1901-2002 (figures not shown), which indicate a warming trend of the global SST. This increasing trend in SST is associated with global warming during the recent 100 years (Solomon et al. 2007 ). The EOF2 of SST (Fig. 7b) , which accounts for 13 % of the total variance, shows a pattern that resembles the APO-associated SST anomalies (shown in Fig. 7a) , especially over the entire Pacific Ocean. On the interdecadal time scale, the time series of the SST EOF2 show an increasing trend before the late 1960 s and a general decreasing trend afterwards (Fig. 7c) , reflecting a variation of the Interdecadal Pacific Oscillation (IPO) (e.g., Power et al. 1999; Mantua and Hare 2002) . Meanwhile, the spectrum of the SST EOF2 also shows predominant peaks at 3-5 years (significant at the 95 % level). The correlation analysis shows a positive correlation of 0.44 between the time series of the SST EOF2 and the APO index, significant at the 99.9 % confidence level, which suggests a link between the APO and the global SST during boreal summer.
How do the SST anomalies associated with the MJJAS APO evolve on the annual time scale? Figure 8a shows the longitude-time cross section of the regressed monthly SST from last December to present December against the MJJAS APO index along 40°N. It is evident that there is almost no large-scale significant anomaly of SST in the previous winter (December to February). The significant positive SST anomalies begin in late spring. Similarly, large-scale persistent negative (positive) SST anomalies over the equatorial central-eastern Pacific (the subtropical South Pacific) generally begin in May, without evident negative (positive) anomalies in the previous winter (Fig. 8b, c) . Thus the Pacific SST anomalies associated with the boreal summer APO index do not originate from the previous winter and the summer climate anomalies associated with the variability of the APO may not be forced by the previous winter Pacific SST.
Summary and discussion
The boreal summer APO is a measure of the thermal contrast between Eurasia-northern Africa and North Pacific-North Atlantic. We have investigated the anomalies of the atmospheric circulation, the NH summer monsoon, and the global hydroclimate associated with the APO during the summer. When the APO index is high, the mid latitudes of Eurasia and northern Africa (the North Pacific, North America, and the North Atlantic) are warmer (colder) than normal throughout the troposphere, with a relatively cool troposphere over the tropical Indian Ocean. Thus the APO index reflects not only the zonal thermal contrast between Asia and the Pacific but also the meridional thermal contrast over South Asia. Corresponding to such temperature anomalies, in the upper troposphere, both the South Asian high and the troughs over the North Pacific and North Atlantic strengthens, while the Mexican ridge weakens. In the lower troposphere, there are enhanced continental lows over the Asian-African monsoon region and strengthened subtropical highs over the North Pacific and the North Atlantic. A weakened low occurs over the extratropics of North America. In the winter SH, low-level anomalous anticyclonic systems occur over the subtropics, with an upper-level anomalous anticyclonic system appears over the tropical South Indian Ocean and Australia and anomalous cyclonic circulation over the subtropical South Pacific.
The variability of the NHSM is significantly correlated with the APO anomaly. Corresponding to a high APO index, strengthened upper-level tropical easterly jet streams appear over the Asian-African monsoon region and Fig. 8 a The longitude-time cross section of regressed monthly SST (°C) from last December to present December with reference to the MJJAS APO index along 40°N during 1901 in the y coordinate indicates December (January) in the previous (current) year; shaded areas are significant at the 95 % confidence]; and (b) and (c) same (a) but along the equator and 30°S, respectively enhanced low-level southerly or southwesterly winds blow from the South Indian Ocean into the Asian-African monsoon region, increasing the transportation of water vapor toward the monsoon region. The strengthened low-level convergence and upper-level divergence of air mass occur over the monsoon trough regions. These anomalous features generally increase summer monsoon precipitation, indicating a stronger Asian-African summer monsoon. In contrast, less summer precipitation appears over the arid and semiarid regions of northern Africa, the Middle East, and West Asia and over the extratropics of North America. This result also suggests an out-of-phase relationship in summer precipitation between the Asian monsoon region and the extratropics of North America. In the meantime, a wet-cold climate occurs over the African and South Asian tropical monsoon regions, which may contribute to an increase of soil moisture. A wet-hot climate generally occurs over the East Asian monsoon region and the increased precipitation is a major factor for an increase of the local soil moisture. A dry-hot climate occurs over the extratropics of North America, which decreases the local soil moisture. To assess the robustness of the above results obtained from analyzing the twentieth century reanalysis, we further analyze surface air temperature and precipitation anomalies associated with the APO index from the ERA-40 (NCEP) reanalysis datasets during 1958-2001 (1948-2002) and obtain the similar results (figures not shown), which further confirms the reliability of the twentieth century reanalysis.
A recent study of the global monsoon over the past millennium (Liu et al. 2012a) shows that the strength of the NHSM precipitation (over both the land and ocean) is determined by the NH (0°-60°N) land-ocean thermal contrast (sea level pressure difference) and the thermal contrast between the NH and SH. Since the APO reflect the NH land-ocean thermal contrast, its reflection of the NHSM strength is consistent with Liu et al. (2012a) .
Although the overall weakening trend of globally averaged land monsoon precipitation over the past five decades can generally be forced by ocean forcing, these simulations do not well capture such a trend in Asian monsoon regions that is important for the weakening trend of the global monsoon precipitation (Zhou et al. 2008a, b) . In fact, the interdecadal variability of Asian monsoon over the past five decades is also modulated by Tibetan heating (Zhang et al. 2004; Zhao et al. 2010b ). Thus, a comparative analysis of land and SST influences on multiple-time-scale variations of the NHSM may help to understand the mechanisms responsible for variability of the global monsoon precipitation.
The variability of APO during boreal summer is linked to variations in the Pacific and Atlantic SSTs. A high APO index corresponds to a cold tropical central-eastern Pacific and warm extratropical North and South Pacific Oceans and North Atlantic. Positive or negative SST anomalies over the Pacific mainly begin in late spring rather than the previous winter. This development of the tropical Pacific SST anomaly in spring supports the conclusion of Webster and Yang (1992) . Their study showed that the winter condition of ENSO is strongly (weakly) correlated with the summer condition before (after) the winter. Thus such a poor correlation between the summer APO and the previous winter possibly implies a weaker influence of the previous winter Pacific SST on the boreal summer APO and associated climate anomalies. Moreover, some simulations also showed a weaker forcing of SST anomalies to the APO-like phenomenon (Zhou and Zhang 2009; Zhao et al. 2010a Zhao et al. , 2011b . However, we do not understand the seasonal dependence of the SST-APO relationship. Further exploration on the physical implication of the APO-SST relationship deems necessary.
The previous studies have examined the relationships between the NH and SH from air mass redistribution (e.g., Guan and Yamagata 2001; Carrera and Gyakum 2003) . Then, what mechanisms are responsible for the relationship of the APO with the SH atmospheric circulation and climate? More modeling studies may help understand this relationship, which will be addressed in the future work.
